Background Although periacetabular osteotomy (PAO) for developmental dysplasia of the hip (DDH) provides conceptual advantages compared with other osteotomies and reportedly is associated with joint survivorship of 60% at 20 years, the beneficial effect of proper acetabular reorientation with concomitant arthrotomy and creation of femoral head-neck offset on 10-year hip survivorship remains unclear. Questions/purposes We asked the following questions: (1) Does the 10-year survivorship of the hip after PAO improve with proper acetabular reorientation and a spherical femoral head; (2) does the Merle d'Aubigné-Postel score improve; (3) can the progression of osteoarthritis (OA) be slowed; and (4) 
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of the hip (DDH) in adolescents and adults. Since the first PAO in 1984 [7] , the surgical technique has evolved with increasing experience and better understanding of hip pathomechanics. In particular, femoroacetabular impingement (FAI) has been recognized as a major pathomechanism, leading to hip pain and osteoarthritis (OA) [8] . This concept is important when correcting dysplastic hips because acetabular malpositioning may lead to an iatrogenic pincertype impingement, especially in cases with lateral overcoverage or retroversion [23, 50] . The typically aspherical femoral head in DDH [34] will increase the risk of secondary cam-type FAI that is reportedly symptomatic in 48% of all cases after reorientation [50] .
Based on these observations, in 1996 we modified our surgical technique. We took care to avoid retroverting the acetabulum. Nonspherical heads were treated by correcting the femoral head-neck offset through an anterior arthrotomy. Osteochondroplasty was performed with chisels or a high-speed burr and was indicated if internal rotation in 90°fl exion was compromised as a result of an impingement between the aspherical head-neck portion and the reoriented acetabulum. As a result of the decreased lunate surface area in DDH [12] , it is impossible to restore normal femoral coverage by reorienting the dysplastic acetabulum. We therefore introduced ''optimal acetabular orientation'', which was intended to provide the best reasonable orientation given the anatomic constraints. Acetabular orientation was assessed by the following six radiographic parameters: (1) total femoral coverage; (2) anterior coverage; (3) posterior coverage; (4) lateral center-edge (LCE) angle; (5) acetabular index; and (6) extrusion index [37] . We considered an acetabular reorientation as optimal if at least four of six of these radiographic parameters were within a previously determined normal range [36] . Although the PAO provides conceptual advantages and reportedly is associated with a preservation rate of the native joint of 60% at 20 years [33] , the beneficial effect of an optimal acetabular reorientation with concomitant arthrotomy and creation of the femoral head-neck offset ( Fig. 1) remains unclear.
We, therefore, raised the following questions: (1) Does the cumulative 10-year survivorship of the hip after PAO improve with an optimal acetabular reorientation and a spherical femoral head compared with hips after PAO with suboptimal acetabular reorientation and/or an aspherical femoral head; (2) are the clinical outcomes (Merle d'Aubigné-Postel score, impingement and apprehension tests, limp, Trendelenburg sign, and ROM) in these hips superior at 10 years; (3) can the progression of radiographic OA be slowed in these hips; and (4) [7, 30, 33] . The second series consisted of all 90 PAOs in 83 patients (seven bilateral) from January 1997 to January 2000. The indication for PAO was painful DDH in both series [45] . The contraindications were: (1) OA Grade 3 according to Tönnis [40] in patients older than 30 years; (2) skeletally immature patients with an open triradiate cartilage; and (3) high dislocation with the femoral head articulating with a pseudoacetabulum [45] . Beginning with the first case of the second series, arthrotomy was routinely performed for observation and as a potential treatment of FAI. We allocated each of the 165 hips to two groups: Group I consisted of 43 hips (42 patients) with an optimal acetabular reorientation and an intraoperatively corrected or a priori present spherical femoral head. Group II consisted of 122 hips (105 patients) with a suboptimal acetabular reorientation and/or a persistent aspherical femoral head. All patients from the two series were allocated to one of the groups and no patient was excluded. The allocation was based on radiographic parameters for subsequently found morphologic features of the acetabular and femoral head. Group I included eight hips (19%) from the first series and 35 hips (81%) from the second series. Group II consisted of 67 hips (55%) from the first series and 55 hips (45%) from the second series. Three patients (four hips [2%]) were lost to followup. One patient (two hips [2.5%]) died 6 years postoperatively from a cause unrelated to the PAO. Two patients (two hips [2.5%]) were lost to followup 1.2 and 1.8 years after surgery without undergoing conversion to THA. The average followup of the remaining patients was 11 ± 1 year (range, 10-13 years) for Group I and 11 ± 1 year (range, 10-14 years) for Group II. Our institutional review board approved the study.
We performed a power analysis for the primary research question regarding survivorship at 10 years followup with a two-sided level of significance of 5%, beta error of 20%, known survivorship of 87.6% [30, 33] , SD of 3.85% [30, 33] , and minimal detectable difference of 2% resulting in a minimal sample size of 30 hips per group.
To analyze whether a specific morphologic feature of the hip influences survivorship after PAO, the two groups should be comparable for confounding variables such as known predictive factors or other demographic factors. Known factors predicting the survival of the native hip after PAO reported in the literature are preoperative age, OA, Merle d'Aubigné-Postel score, anterior impingement test, limp, and postoperative extrusion index [33] . The two study groups did not differ for any of these known predictive factors or any other demographic (Table 1) , preoperative clinical (Table 2) , or preoperative radiographic parameters (Table 3 ). In terms of demographic factors (Table 1) , Group II had a higher prevalence of previous surgery (25% versus 14%; p = 0.106). We found no difference for age at operation, operation time, or blood loss ( Table 1 ). The prevalence of positive impingement or apprehension tests was increased in Group I (p = 0.061 and p = 0.995, respectively), whereas the prevalence for limp was increased in Group II (p = 0.247). We observed no clinically important difference (p = 0.395) in the mean Merle d'Aubigné-Postel score between the two groups. In Group II the prevalence of hips with advanced OA (Tönnis Grades 2 and 3) was 7% compared with 18% in Group I (p = 0.421). There were no differences for acetabular morphologic features (Table 3) .
The original operative technique was described previously in detail [7, 29] . In brief, a modified Smith-Petersen approach was performed followed by four osteotomies and a controlled fracture to completely mobilize the acetabulum. This technique allows for substantial acetabular reorientation potential. The posterior column of the pelvis remains intact, maintaining stability of the pelvic ring and adding protection for the sciatic nerve. After recognition of the FAI concept, the most relevant technical changes included (1) correct three-dimensional (3-D) reorientation of the acetabulum; and (2) routine anterior capsulotomy and, if necessary, correction of the femoral head-neck offset. In all cases, one or more intraoperative radiographs were acquired to verify the orientation of the acetabular fragment with special emphasis on the version of the acetabular fragment. A routine anterior T-shaped capsulotomy was performed after temporary acetabular reorientation with assessment of ROM. Often, dysplastic hips present with an elliptical femoral head [34] . Before acetabular correction, this lack of head-neck offset is compensated by the diminished anterior acetabular coverage. After proper reorientation, this can lead to iatrogenic FAI with the acetabular rim (Fig. 1) . If necessary, creation of the anterolateral femoral head-neck offset is accomplished by resecting the aspherical head-neck portion with chisels or a high-speed burr to achieve the desired minimum ROM of 90°flexion and 30°internal rotation. In the second series including only PAOs with a concomitant arthrotomy, offset creation was performed in 51 hips (57%). Surgical treatment of the labrum was performed in 21 hips (49%), including one hip (2%) with labrum refixation, 10 hips (23%) with labrum resection, and 10 hips (23%) with resection of labral cysts.
As a result of the continuity of the pelvic ring, early crutch mobilization with partial weightbearing was possible. Weightbearing was restricted to 15 kg for 8 weeks. During their hospital stay (range, 5-12 days), patients were maintained on continuous passive motion to prevent capsular adhesions. Patients were advanced to full weightbearing after 8 weeks if beginning of bone healing was visible on radiographs. At 8 weeks postoperatively, physiotherapy was started to improve ROM and muscle strength, typically for a duration of 2 to 3 months.
Patients were routinely evaluated clinically and radiographically in our outpatient clinic at 8 weeks, 3 months, 1 year, 2 years, and every 5 years after surgery. Clinical examinations included anterior impingement and apprehension test, limp, Trendelenburg sign, and full ROM. Radiographic evaluation consisted of a supine AP pelvic radiograph and a lateral crosstable radiograph [6] of the proximal femur before surgery and at followup. An additional standing false profile view [18] and an AP pelvic view radiograph with the hip in abduction were performed preoperatively for the first series. At 10 years we were able to examine 126 of the 147 patients. Using our records and contacting patients by phone, we identified all remaining 18 patients who had known conversions to THAs and recorded the dates of conversions. 
Internal rotation* (°) 2 8± 19 (À50 to 70) [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] There were no patients without clinical examination or telephone followup. Clinical evaluations of the patients in both study groups were performed preoperatively and at the 10-year followups. The clinical grading system of Merle d'Aubigné-Postel was used [3] . Additionally, the clinical evaluation included the anterior impingement and apprehension test [38] , limp, the Trendelenburg sign [9] , and ROM determined by a goniometer. Two of us (CEA, SDS, neither a treating surgeon) graded the preoperative and postoperative OA according to the Tönnis classification [40] . For evaluation of OA progression, hips with conversion to THA were graded Tönnis Grade 3. Evaluation of interobserver and intraobserver agreement for the Tönnis classification in hips with DDH and PAO was performed in a previous study [33] . Interobserver agreement showed a kappa of 0.74 for both measurements and intraobserver agreement had a kappa of 0.73 for Observer 1 and a kappa of 0.76 for Observer 2. To describe the morphologic features of the acetabulum and femoral head, a series of eight standard radiographic parameters (Table 3) was assessed and computerized by two observers (CEA, SDS; no treating surgeons) using previously described and validated computer software (Hip 2 Norm software; University of Bern, Bern, Switzerland) [37, 39, 49] . The acetabular orientation was assessed by the following six radiographic parameters: (1) total femoral coverage; (2) anterior coverage; (3) posterior coverage (Fig. 2) ; (4) LCE angle; (5) acetabular index; and (6) extrusion index (Table 3) . Because the morphologic features of a dysplastic acetabulum differ from those of a normal acetabulum [12] , the acetabular reorientation was defined as optimal if at least four of these six radiographic parameters were within a previously determined normal range [36] . Because the original radiographs were not calibrated, we did not adjust the radiographic values for variances of pelvic tilt but for pelvic rotation using Hip 2 Norm [37, 39, 49] . In addition, head sphericity was assessed by the following four parameters: (1) head sphericity index [34] ; (2) pistol grip deformity [35] ; (3) sagging rope sign [1] ; and (4) alpha angle [25] . A head was defined as aspherical if one of the four parameters was not within normal range: (1) sphericity index of 0.87 or less (n = 91 [82%]); (2) pistol grip deformity [35] (n = 14 [13%]); (3) sagging rope sign [1] (n = 20 [18%]); and/or (4) an alpha angle of 50°or greater [25] (n = 35 [32%]).
Survivorship analysis was performed according to Kaplan and Meier [15] . The end points were defined as (1) conversion to THA; (2) radiographic progression of OA; or (3) a Merle d'Aubigné-Postel score less than 15 points. The differences between two survivorship curves of the two groups were calculated by using the log-rank test. Differences in clinical and radiographic outcomes between the two groups preoperatively and at 10 years followup were calculated using the Wilcoxon signed-rank test for continuous data and Fisher's exact test for binominal data. Preoperative and postoperative differences in each group were calculated using the Mann-Whitney U test for continuous data and Fisher's exact test for binominal data. Differences in the Tönnis classifications were analyzed with the Kruskal-Wallis test between Groups I and II and the Friedman test for changes within the groups. The univariate Cox proportional hazards model was used to detect possible predictive factors to reach one of the previously defined end points [2] . The resulting total of 16 factors from the univariate analysis (Table 4 ) then was adjusted using the multivariate Cox proportional hazard model and corresponding hazard ratios were calculated.
Results
The cumulative 10-year survivorship of Group I was higher (p = 0.039) than that of Group II: 90% (95% CI, 82%-99%) versus 78% (95% CI, 71%-86%), respectively (Fig. 3) . In Group I, three hips (7%) were converted to a THA, and one patient (2%) had a Merle d'Aubigné-Postel score less than 15 points. In Group II, 16 hips (13%) were converted to a THA, three hips (2%) had evidence of radiographic progression of OA, and seven hips (6%) had a Merle d'Aubigné-Postel score less than 15 points.
For both groups the Merle d'Aubigné-Postel scores improved (p \ 0.001 for both) for surviving hips by the 10-year followup ( Table 2) . We found no difference (p = 0.984) in the Merle d'Aubigné-Postel scores at 10 years between the two groups. The prevalence of the anterior impingement test decreased (p\0.001 for both) in both groups at 10 years. At followup, the prevalence of a positive impingement test was lower (p = 0.014) for Group I in comparison to Group II. The prevalence of a positive apprehension test decreased (p \ 0.001) for Group I. The prevalence of limp decreased in Group I from preoperatively to postoperatively (p \ 0.001) and was lower than in Group II postoperatively (p \ 0.001). There were no differences in the prevalence of a Trendelenburg sign or ROM between groups at 10 years followup.
Radiographic OA did not progress (p = 0.647) in Group I in comparison to Group II in which the Tönnis grade increased (p = 0.014). Including the hips with conversion to THA and counting them as Tönnis Grade 3, there was an increase of OA in three hips (7%) in Group I and 19 hips (16%) in Group II (p = 0.119).
We found 10 factors predicting failure after PAO (Table 4) . Of those 10 factors, three were demographic, three were preoperative radiographic factors, and four were related to surgical accuracy. These included correct 3-D orientation of the acetabular fragment and adequate treatment of an additional cam deformity.
Discussion
During the last decade, PAO has become a state-of-the-art treatment for adolescent and adult patients with DDH. The recognition of FAI, improved imaging modalities, and technical advancements have contributed to improved understanding of the 3-D anatomy of the hip. Because of this, more emphasis was put on correct acetabular orientation and surgical technique was adapted including an arthrotomy of the joint with offset creation if necessary. Other than case reports [23] , however, the benefit from those modifications has not been documented in a large patient cohort. We, therefore, raised the following questions: (1) Does the cumulative 10-year survivorship of the hip after PAO improve with optimal acetabular reorientation and a spherical femoral head compared with hips after PAO with suboptimal acetabular reorientation and/or an aspherical femoral head; (2) are the clinical outcomes This study has several limitations. First, we pooled two patient series from two different decades. The goal of the study was to test whether hips with optimal femoral and acetabular morphologic features have superior survivorship after PAO compared with hips with a potential impingement conflict. Therefore, all other factors predicting survivorship should be comparable in these two groups. We allocated the hips from the two series to the two study groups based on radiographic parameters describing acetabular and femoral morphologic features. No hip was excluded and no selection bias existed. However, the prevalence of possibly confounding demographic, clinical, and morphologic factors (Tables 1-3) is not always perfectly matched. The two groups are still considered comparable because discrepancies were evenly distributed between the two groups.
Although the Tönnis grade of preoperative OA, prevalence of limp, number of previous surgeries, and comorbidities were higher in Group II, we found a lower preoperative Merle d'Aubigné-Postel score, higher mean age, higher prevalence of the preoperative anterior impingement test, apprehension test, and Trendelenburg sign in Group I. In addition, the p values for all factors between the groups never fell below 0.11 indicating that none of the confounding factors relevantly influence the survivorship. Therefore, we believe the resulting difference of 12% in survivorship after PAO at 10 years followup is the result of the different acetabular and femoral morphologic features between the two groups. Second, all clinical parameters were assessed by different observers at each followup. This is an unavoidable potential source of error for a retrospective study spanning more than a decade. Nevertheless, because the assessed clinical parameters could be proven to have substantial interobserver and intraobserver agreement [13, 16] , we do not believe this would jeopardize our observations or conclusions. Third, the radiographs in the first series were not taken in a standardized manner. Therefore, the radiographic Values expressed as mean with 95% confidence interval in parentheses; * defined as deficient anterior acetabular coverage (\ 15%) and excessive acetabular posterior coverage ([ 47%); defined as excessive anterior acetabular coverage ([ 27%) and deficient posterior acetabular coverage (\ 36%) [30] ; LCE = lateral center-edge angle; NA = not applicable.
measurements are prone to error as a result of pelvic malpositioning during radiograph acquisition. To minimize this source of error, the radiographs were corrected for malrotation using the software Hip 2 Norm [37, 39, 49] . We found higher survivorship of hips after PAO at the 10-year followup if the acetabulum was properly oriented and a spherical femoral head was present preoperatively or after femoral osteochondroplasty through an arthrotomy (Fig. 4) . Compared with the literature, Group I in the current study showed a superior survivorship rate of 90% at 10 years followup (Table 5) [5, 11, 17, 21, 26, 33, 44, 48] . Reported survivorship rates for PAO ranged from 54% to 85% [11, 17, 21, 33] . For triple and Chiari osteotomies, the reported survival rates at 10 years followup were 73% and 84%, respectively (Table 5) [5, 26] . The survivorship rate in our Group II, including hips with morphologic features predisposing to FAI, was 78% and was at the lower range of the reported rates in the literature (Table 5) . Survival rates depend on the definition of end points, which could explain differences when comparing our results with those in the literature. Some studies [5, 17, 21] used a combination of clinical and radiographic end points and therefore are comparable to our study. There are two clinical implications of these findings. First, accuracy of acetabular reorientation is crucial and difficult. Before the acetabular fragment is fixed definitively, the temporary acetabular orientation should be assessed carefully by using intraoperative radiographs. It is important to recognize a dysplastic acetabulum differs from a normal acetabulum. Hipp et al. [12] showed that the lunate surface in normal hips was 26% larger when compared with dysplastic hips. A dysplastic acetabulum, therefore, can be reoriented only as close as possible to a normal acetabulum. The deficient contact area between the femoral head and acetabulum remains unchanged. Reconstitution of completely normal femoral coverage is rare after PAO. Only 10 hips (6%) of all patients had a postoperative acetabular configuration with all six predefined radiographic parameters lying in the normal range. Second, we believe it is important to correct the head-neck offset if an aspherical femoral head is present. This should be addressed because it reportedly improves survivorship [8, 27, 31] . The assessment of the asphericity can be made preoperatively by conventional radiographs, MRI arthrography with radial sequencing, or intraoperatively by arthrotomy. We found no negative effect on survivorship if an arthrotomy was performed to check for potential impingement without creating a femoral headneck offset. Of the 114 hips (69%) without an offset correction, 39 hips (24%) had an arthrotomy and 75 hips (45%) did not have an arthrotomy. The survivorship of hips with an arthrotomy was 87% (95% CI, 77%-98%) versus 77% (95% CI, 67%-87%) without an arthrotomy after 10 years followup. The dynamic intraoperative assessment, however, is only possible through a capsulotomy with a (modified) Smith-Petersen approach [32] . Other approaches such as the classic ilioinguinal [20] or the more recently described transsartorial approach [42] do not offer access for this visual evaluation. In case of normal intraoperative ROM after acetabular reorientation, a capsulotomy might not be necessary.
Both groups of patients had improved mean Merle d'Aubigné-Postel scores at followup with no differences between Group I and Group II. In Group I there was a decrease of 69% of the positive impingement test, whereas in Group II, the decrease was only 36%. This result is consistent with the different morphologic features of the hip in these two groups: Group I with optimal acetabular and femoral morphologic features had a higher decrease than Group II with morphologic features predisposing for FAI. The anterior impingement test is positive for labral lesions and reportedly has a high positive predictive value [10] . Ten percent of the hips in Group I still have a positive impingement test at followup despite the radiographic exclusion of morphologic features of FAI. An explanation for this might be that hips with DDH frequently have labral lesions [20] , which persist after PAO without labral treatment. Flexion decreased in both groups, whereas extension and internal and external rotation only decreased in Group II. This could be explained by the morphologic features of the hip in Group II leading to FAI. In Group I the progression of OA was less than that in Group II. The percentages of hips with progression of OA in Groups I and II were 7% and 16%, respectively. These results are lower than the reported values in the literature ranging from 21% to 35% after PAO and other pelvic osteotomies [5, 17, 21, 26, 44] .
Some of the predictive factors for survivorship after PAO or other pelvic osteotomies found in our study (Table 4) have been reported previously: age [11, 21, 33] , preoperative OA [11, 17, 33, 43] , preoperative clinical scoring systems such as Merle d'Aubigné-Postel [33, 44] or WOMAC TM score [17] , nonspherical femoral head [26] , degree of DDH [43, 48] , and postoperatively decreased acetabular coverage [4, 11, 33] . Novel factors predicting the survivorship after PAO were related to acetabular reorientation and included postoperative excessive acetabular anteversion and acetabular retroversion (Fig. 5) . Predictive factors related to acetabular reorientation after PAO are rarely reported in the literature. Xie et al. [47] found iatrogenic acetabular retroversion after curved PAO predicted failure. Similarly, a reduced acetabular anteversion angle less than 10°on postoperative CT increased the risk for conversion to THA by a factor of 4.3 [43] . Unfortunately, this measurement is not available intraoperatively. The computerized radiographic evaluation, as used in our study, allows the evaluation with potential correction of the acetabular fragment using intraoperative radiographs.
Our observations suggest a proper acetabular reorientation with correction of the femoral head-neck offset improved survival after PAO for DDH. The 3-D acetabular reorientation should be checked carefully intraoperatively. Preoperative radiographic evaluations should include assessment of a frequently present asphericity of the femoral head. Our findings suggest corrected hips with optimal acetabular reorientation and a spherical head have a lower progression rate of radiographic OA. The decreased head-neck offset was corrected by performing an osteochondroplasty of the femoral head-neck junction, leading to impingement-free ROM. 
